We present experimental results on the morphology and evolution of large turbulent eddies in coaxial supersonic jets. The study encompassed Mach 1.5, axisymmetric,perfectly expanded jets composed of air or a mixtureof helium and air. A double-exposure planar laser-induced uorescence (PLIF) system, with gaseous acetone as the tracer molecule, enabled visualization of the turbulent structure and of its evolution a short time later. The convective velocity of the eddies was extracted from the PLIF images by means of two-dimensionalcross correlations. Eddies in the air jet propagate with a speed approximately 80% of the local centerline mean velocity. In the faster helium-air jets eddies are measured to be supersonic with respect to the ambient air, a result corroborated by the visualization of Mach waves. In the helium-air jet addition of a Mach 0.82 secondary ow reduces the convective velocity of the primary eddies from 70 to 62% of the primary exit velocity. The speed of the secondary eddies is 44% of the secondary exit velocity. All turbulent motions in this coaxial helium-air jet are intrinsically subsonic, leading to substantial reduction of Mach waves and reduction in noise. A re ned empirical model for eddy convection in compressible jets is proposed. The results of this study are relevant to mixing, combustion, and jet noise.
I. Introduction L ARGE-SCALE motions are present in every turbulent ow of practical signi cance. These motions, or eddies, play a substantial role in mixing, combustion,and noise production.The organized, coherent nature of large eddies in subsonic shear layers was vividly captured in the visualizations of Brown and Roshko 1 and has since been the subject of numerous theoretical and experimental works. Strong parallelsbetween the developmentof vortex-sheet (Kelvin-Helmoholtz) instability and the behavior of fully turbulent shear layers suggest that large eddies constitute the dominant instability of the ow. 2 , 3 A key aspect of the instability is its phase speed or convectivevelocityU c . In subsonicshear layersU c controls the entrainment ratio and in uences the growth rate. 4 In high-speed shear layers and jets the value of U c governs the generationof strong sources of sound.
In compressiblemixing layers,large eddieslose their organization but are still ubiquitous. 5 The compressibility of mixing layers is characterized by the Mach number in the frame of reference of the instability, called the convective Mach number. For an instability wave traveling with a velocity U c between a fast stream (1) and a slow stream (2) , the convective Mach number takes the values
with respect to the fast and slow streams, respectively, where U is the freestream velocity and a is the freestream speed of sound. 6 A symmetric Lagrangian model for the large structure, 6 where the two freestreams suffer zero or equal total-pressure loss as they are entrained toward a common stagnation point inside the mixing region, gives
Equation (2) is exact for streams having equal speci c heat ratios (c 1 = c 2 ) and requires a slight correction, too small to be of practical signi cance here, for c 1 
where r = U 2 / U 1 and s = q 2 / q 1 . Recent experiments in which the convective velocity was measured 7 -9 have shown that the predictions of Eqs. (2) and (3) are inaccurate at high compressibility. Instead of the symmetry expectedfrom Eq. (2), eddiesbehave asymmetrically, with fast modes (high M c2 , low M c1 ) in shear layers between a supersonicand a subsonic stream and slow modes (low M c2 , high M c1 ) in shear layers between two supersonic streams. The reasons for the asymmetry remain unresolved, although preliminary models incorporating shock dissipation have been proposed. 7, 10 Linear stabilityanalysisalso predictsfast and slow modes (for example, see Refs. 11 and 12). Even so, the predictionof Eq. (2), hereafter called the symmetric convective Mach number:
is still a useful measure of the overall compressibilityof a shear ow and will be used as such in this paper.
The very near eld of a round jet is an annular shear layer, which, for a thickness much smaller than the radius of the potential core it surrounds, is similar to a planar shear layer. With increasing axial distance, however, that similarity fades as the shear layer consumes the pure jet uid and eventually merges with itself, marking the end of the potential core. The end of the potential core is a region of intense turbulent activity, with formation of large eddies that govern entrainment and sound generation. 13 Hence, this is a region of special interest from the standpoints of mixing and noise.
In high-speed jets Mach-wave emission is a powerful source of noise and appears strongest from eddies near the end of the potential core, as revealed by many visualizations of such ows (Ref. 14, for example). Because of its impact on supersonic aircraft noise, Mach-wave radiation has been the subject of numerous experimental 13, 15, 16 and theoretical 17 -19 investigations. Recent studies have shown that Mach-wave radiation can be avoided, or reduced, by surrounding the primary jet with a secondary ow such that the primary eddies become subsonic with respect to the secondary ow, while ensuring that the secondary eddies are subsonic with respect to the ambient. This method, called Mach-wave elimination, 20 has shown signi cant noise reduction in subscale tests. 21 The preceding discussion underscores the importance of eddy convection, particularly in the region around the end of the potential core. Even though the compressible planar shear layer has been the subject of several evolution studies, 7 -9 , 22 the authors are aware of only two evolution studies of high-speed jets, 23, 24 both in the region of the near eld where the ow would be better characterizedas an axisymmetric shear layer. The effect of a secondary ow on the evolution of turbulence in high-speed jets has not been investigated, even though such coaxial jets are very common in propulsion and combustion applications. Furthermore, few of the preceding works used genuinelytwo-dimensionalcross correlationsto follow the eddies as spatial patterns of the quantity being visualized. Convection measurements near the end of the potential core are critical for the prediction and prevention of Mach waves. More generally, there is need for experimental databases to validate computations of largescale structures and instability waves. 25 To address these issues, an experimental program was designed to observe the evolution of eddies and measure their convective velocity in high-speed jets with and without secondary ow, concentrating in the vicinity of the end of the potential core. Some of the jets consisted of helium-air mixtures, which simulate hotow conditions. The investigation was carried out by visualizing the large structures and their evolution and subsequently extracting the convective velocity with two-dimensional cross correlations.
II. Experimental Methods

Flow Facility
Experiments were conducted in a coaxial jet facility (Fig. 1) , a detailed description of which can be found in Ref. 20 . Pure air or a mixture of helium and air were supplied to a coaxial nozzle arrangement and exhausted into ambient air. The inner nozzle, of 12.7-mm exit diameter, was designed by the method of characteristics for helium at Mach 1.5. When this nozzle is used for pure air or for helium-air mixtures, there is at most a discrepancyof 1.5% between the design and actual exit Mach numbers. Two outer convergent nozzles with exit diameters of 25.4 and 21.6 mm were employed. Helium-air mixtures were used to simulate approximately the density, speed of sound, and velocity of a heated jet. The total pressure of the primary ow was set at 370 kPa for pure air and 380 kPa for the helium-air mixture, resulting in pressure-matched jets. The helium-air mixture had a gas constant R =900 J/kg K and a speci c heat ratio c = 1.58. Pressure transducers recorded the total pressures of the inner (primary) and outer (secondary) streams as well as the centerline pitot pressure. The total pressure measurements, together with the total temperature and gas constants, were used to calculate the ow conditions of the primary and secondary streams. Centerline pitot pressure data provided centerline Mach number distributions as a function of axial distance from the jet exit. Table 1 summarizes the ow conditions. Subscripts p, s, and 1 refer to the primary,secondary,and ambientconditions,respectively. Cases A1 and A2 comprise pure-air jets without and with a lowspeed secondary ow, respectively. Case B is a helium-air jet with a low-speed secondary ow composed of air. Case C is the same helium-air jet with a higher-speed secondary ow consisting of air with a small dilution of helium. The Reynoldsnumber of the primary jet, based on the jet diameter, was 6.8 £ 10 5 for cases A1 and A2 and 4.3 £ 10 5 for cases B and C.
Diagnostics
The diagnostic technique used to visualize the turbulent structure and its evolution is summarized in Fig. 2 , in addition to the mixing layer geometry and nomenclature. The technique is based on laser- induced uorescence of acetone 26 and in the past was employed in a study of turbulence evolution in planar shear layers. 9 Gaseous acetone was seeded alternatively into the primary and secondary streams. Injection was accomplished by supplying liquid acetone at very high pressures through atomizing nozzles placed in a duct approximately1.5 m upstream of the jet plenum. The dif culty with employing acetone in supersonic ows is condensation caused by low temperature. We experimented with various levels of seeding, but condensation was dif cult to avoid when acetone was injected into the primary, supersonic stream. For the pure-air jet we were able to acquire images with acetone in the primary stream showing minimal condensation.For the helium-air jet, which required higher levels of seeding because of its faster spreading rate, condensation of acetone in the primary stream was much more pronounced and prevented high-quality imaging of the ow.
We found, however, that condensation could largely be avoided when acetone was injected in a subsonicco ow surroundingthe primary supersonic stream. The highest-qualitypictures were obtained with a Mach 0.37 co ow of 25.4-mm exit diameter. For the pureair jet case A1 represents acetone injection into the primary ow (without any secondary ow), whereas case A2 represents injection into a low-speed secondary ow surrounding the primary stream. For the helium-air jets acetone was injected only in the secondary ow (cases B and C). The acetone was excited by the ultraviolet (k =266 nm) output of two independently pulsed Nd:YAG lasers. Their light was formed into two adjacent sheets, one from each laser, which sliced the jet at its centerline plane. Pulse energies were 20 mJ. Acetone uoresced in the visible range (k ¼ 480 nm), thus marking the seeded uid. The upstream laser was triggered rst, and the downstream laser second with a time delay D t . Both laser sheets were imaged by a single intensi ed charge-coupled device (CCD) camera (Princeton Instruments ICCD 576/RB). A short time delay D t was initially chosen and gradually increased until turbulent features seen in the rst sheet were captured in the second sheet. Images were analyzed by the cross-correlationmethod described next to yield the distance D x traveled by the identi able features. The convective velocity was then computed by U c =D x / D t. Precise synchronizationof the lasers and camera with the solenoidvalves was achievedusing a data acquisitionand control system on a 486DX-66 computer.Additional diagnostics included a nanosecond schlieren system, a microphone with 150-kHz frequency response (Bruel and Kjaer Model 4138), and a pitot probe, which traversed the centerline of the jet.
Cross-Correlation Method
The present study aims to characterizethe evolutionof large-scale turbulent structures in the mixing layer by obtaining convective velocity information from two-dimensionalspace-time correlationsof the planar laser-induced uorescence (PLIF) images. We focus on the most dominant instabilityof the ow, which we assume takes the form of large vortical structures. A slowly diffusing passive scalar, in this case acetone, is used to visualize the ow. We de ne eddies as phase-correlated two-dimensional patterns of this passive scalar, with the size of the pattern being of the same order as the local thickness of the shear layer. Thus for each image obtained, a template box was chosen large enough in the rst laser sheet to contain a sizeable portion of the visually identi ed structure. The two-dimensional correlation scheme amounts to a phase alignment between the structure at t = 0 and its evolutionat t = D t. That is, the convective velocity of an eddy is determined by setting a criterion based on the shape of the structure in the template, which we try to match at a later time. This method, outlined next and further detailed in Papamoschou and Bunyajitradulya, 9 allows one to obtain evolution characteristicsof large eddiesby capturingthe two-dimensional signature of these instability patterns.
The convective velocity was extracted from the double-exposure PLIF images according to the cross-correlation method depicted in Fig. 3 . The image eld is denoted by F(n , g ) , where the value of the function F at a point (n , g ) corresponds to the intensity at that pixel location. The left half of the image eld corresponds to t = 0 and its right half to t = D t . The size of the image eld was 576 £ 384 pixels. In the left half of F, we manually select a template T (x, y), of size M £ N , containing the feature of interest. On average, templates were of size M =130 and N =160. The template slides over the entire image eld in both the n and g directions. A spatial pattern of acetone is distinguished from the background by the uctuations T 0 = T ¡ h T i and F 0 = F ¡ h F i , where h T i and h F i denote the spatial average over the M £ N region of the template and of the overlapping image, respectively. The template and overlapping image are correlated according to
When T 0 slides over the right half of F (t =D t ), Eq. (5) becomes a space-time correlation in two spatial dimensions. The correlation coef cient is de ned as
and takes the value of 1.0 for perfect correlation, i.e., when the template overlaps with itself. of 45 deg with respect to the jet axis. The high-frequencycomponent of the spectrum decreased by 12 dB. The reduction in the overall sound pressure level was 5 dB.
Centerline Mach-Number Distributions
Pitot measurementsalong the jet axis yieldedthe centerlineMachnumber distributions, shown in Fig. 6 . For the air jets case A2 had a longer potential core than did case A1 because of addition of the Mach 0.37 co ow, which reduced the growth rate of the primary mixing layer. For the helium-air jets increase of the co ow Mach number from 0.37 (case B) to 0.82 (case C) had minimal effect on the length of the potential core and caused only a slight reduction in the decay rate of the centerline Mach number. The length of the potential core for the simple air jet and for the helium-air jets is roughly the same, about 4-6 jet diameters, even though the heliumair jet has a larger spreading rate evident in Fig. 4b . The length of the potential core, however, depends not only on the spreading rate but also on the geometry of the dividing streamline, which may be inclined outward in the helium-air jets. For the air jets the centerline velocity was calculated from the centerline Mach number by assuming constant total temperature. The helium-air jets calculation of velocity also requires the concentration eld, which was not measured. However, for the near eld of the jet we assumed a constant gas constant R to obtain an approximate centerline velocity distribution.
PLIF Images and Cross Correlations
We discuss now the qualitative features of the turbulent structure revealed in the PLIF images and the convective velocity measurements obtainedfrom the cross correlations.The x / D p locations quoted next correspondto the distance from the jet exit to the middle of the imaging region. For ease of reference,the ensemble-averaged convective velocity values for each case and location are listed in Table 2 , together with their standard deviation and their prediction from the symmetric model of Eq. (3).
A representativePLIF image of case A1 is shown in Fig. 7 . Acetone was injected in the primary ow and provided good views of the turbulent structure, although some condensation is evident. The location x / D p = 10.0, which is near the end of the potentialcore, offered the best images with this injectionscheme. Upstream of this location, the structureswere too small to follow, and condensationwas more pronounced. Downstream, the ow mixed faster, and the acetone signal dropped substantially from the rst sheet to the second.
Acetone injection in a subsonic ow surrounding the primary stream resulted in better and more consistent visualizations,without any condensation. Images for case A2 are presented in Figs. 8a-8c for locations x / D p = 5.9, 7.9, and 9.8, respectively. The primary ow is seen as the dark central region surrounded by the bright secondary ow. For each image one can follow large-scalefeaturesfrom the rst sheet to the delayed sheet, although they do not appear as organized roller-type structures often seen in subsonic experiments. As we move downstream, the secondary stream is further entrained and mixed into the primary ow, with the structures retaining the same general shape visualized in the rst sheet.
For the air jets of cases A1 and A2, 100 double-pulse PLIF images were used to extract the convective velocity of the primary eddies. Seventy-seven of these images were cross correlated using the scheme described earlier. An example is shown in Fig. 9 for case A2 at x / D p = 7.9. The template chosen for the image is highlighted by a white box. When the template containing the turbulent eddy matches itself, the correlation coef cient is 1.0, seen as the rst peak in the left half of the correspondingcontour plot. The second peak in the right half indicates the best match of the template with the evolution of the eddy. Typically, the second peak of the correlation was higher than 0.6. Values below this threshold led to rejection of the measurement.
Manual measurements of U c for the air jet were made for the remaining 23 images. Even though features in those images were easily followed with the eye, cross correlationsgive poor results for some images because of the rapid growth of the eddies from the left exposure to the right. The manual measurements are in good agreement with the cross-correlationmeasurements. For the air jets an average of 20 images were analyzed for each downstream position by cross correlation and manual methods. Figure 10 plots the corresponding ensemble-averaged values. The standard deviations are all within 11% of the mean, indicating a narrow distribution of convective velocities. Included in Fig. 10 is the mean centerline velocity, inferred from pitot measurements. The convective velocity follows the centerlinevelocity at a ratio of about 80%. The upstream measurement for case A1 deviates slightly from this trend, which could be a result of bias caused by the condensation of acetone. From Table 2 the measured convective velocity is on the average 61% higher than the symmetric prediction for case A1 and 13% higher for case A2. These deviations indicate the existence of fast modes in both air-jet cases.
In the helium-air jets of cases B and C, acetone was injected only in the co ow. Images acquired for these cases indicate that the mixing layers grow faster than those of the air jets, consistent with the schlieren visualizations. In addition, the large-scale structures appear to be more disorganized. Figures 11 and 12 present PLIF image pairs and cross correlations for cases B and C, respectively. As in the air jets, only correlationsgenerallyabove 0.6 were retained in the calculation of the convective velocity. An example of a poor correlation is shown in Fig. 13 . The reason for the bad correlation is the appearance of a new lump of uid in the second sheet not captured in the rst sheet. This occurred often in the helium-air jets and is the result of the prevalence of azimuthal motions with increasing compressibility.As a result, the data rejection rate for the helium-air jets was much higher than that for the air jets.
With addition of a Mach 0.82 co ow to the helium-air jet, case C, we had the opportunity to observe eddies between the primary and secondary ows and between the secondary ow and the ambient. Of course, the time delays had to be different for tracking primary and secondaryeddies. Moreover, the co ow reduced the growth rate of the primary mixing layer, forcing us to shift the imaging location slightly downstream to x / D p = 7.3 to capture and follow large primary eddies. As far as the turbulent structure between primary and secondary ows is concerned, there are no discernible differences from case B. The mixing layer between the secondary ow and the ambient for case C is shown in Fig. 14 , where the eld of view was shifted to capture all of its features.The growth rate of this subsonic mixing layer is larger than that of the primary mixing layer. The secondary mixing layer exhibited roller-type structures reminiscent of those observed in incompressible shear layers. 1 For the helium-air jets 47 pictures were analyzed, 35 with the cross-correlation routine and the rest manually. Figure 15 presents a plot of the ensemble-averaged convective velocity vs axial location for the primary eddies of case B and for the primary and secondary eddies of case C. For case B the ensemble-averagedprimary convective velocity is 534 m/s (70% of the jet exit velocity), which is in good agreement with the value of 540 m/s inferred from the inclination of the Mach waves in the schlieren photograph of Fig. 4b . The measured value of U c is 40% higher than its symmetric value. Addition of a Mach 0.82 secondary ow to this jet, case C, decreases the primary convective velocity by 12%. As mentioned earlier, for case C we had to shift our imaging region relative to case B from x / D p = 5.9 to 7.3. The corresponding drop in centerline Mach number, obtained from Fig. 6b , is 3%. It is reasonable to expecta centerlinevelocity drop of the same magnitude,around 3%. Thus, the reduction of U c with increasing co ow Mach number is not an artifact of our shift in measuring location. Rather, it indicates an interesting,counterintuitivetrend, which we believe is caused by the reduced compressibility of case C and which we will attempt to explain later. In case C, the turbulent eddies between the secondary ow and the ambient air convect at a speed of 142 m/s, which is very close to the prediction of 152 m/s from the symmetric formula, Eq. (3).
A summary of the results is presented in Table 2 . The convective Mach numbers are based on the ensemble-averaged value of U c at each location and on the local centerline velocity. The measured convective Mach numbers M c1 and M c2 are plotted vs each other in . As already noted, the eddies in the air jets travel faster than predicted by the symmetric model, creating a large M c2 and a small M c1 . This asymmetric behavior is more pronounced in the helium-airjet of case B becauseof its higher compressibility.The supersonic value of M c2 in case B indicates that the primary eddies travel supersonically relative to the secondary ow, consistent with generation of Mach waves. The Mach 0.82 secondary ow of case C lowers the relative speed of the primary eddies, thus reducing M c2 of the primary mixing layer from 1.19 to 0.39. The reduction of the primary convective velocity with increasing co ow Mach number, seen in Fig. 15 , contributesfurther to this reductionof M c2 . In case C the values of M c2 are subsonic for both the primary and secondary mixing layers, leading to substantial weakening of the Mach waves as seen in Fig. 4c . Furthermore, the convective Mach numbers of the secondary eddies of case C fall almost exactly on the symmetric line of the M c1 ¡ M c2 diagram.
The deviation from the symmetric model can be expressed in terms of the distance of a measurement from its symmetric value on the M c1 ¡ M c2 diagram. 9 Figure 17 plots this distance vs M csym for the present measurements as well as the measurements of previous experimental investigations, which measured U c in planar and axisymmetric shear layers. The results of our study coincide very well with the shear-layer data, even though our measurements were done in a messy region of the ow with nonconstant freestream velocity. The overall trend shows a rapid departure from symmetry as M csym exceeds roughly 0.41. Despite the scatter of the data in the literature at high M csym , the departure from symmetry is unmistakable and reminiscent of that found by Jackson and Grosch in their plots of phase speed vs Mach number for a linear disturbance.
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Reduction of M csym should lead to a smaller departure from symmetry, which in turn should drive U c closer to its symmetric value. By increasing the secondary velocity of the helium-air jet (case B to case C), we reduced M csym from 0.72 to 0.45. This resulted in a U c very close to its symmetric value, as seen in Table 2 . We believe that this explains the reduction in U c from case B to case C.
Model for the Convective Mach Numbers
The good correlation of d Mc vs M csym shown in Fig. 17 , especially in the region of moderate M csym , leads to an approximate model for the convective Mach number that can be applied to ows of practical interest. The departure from symmetry is approximatedby the logarithmic function 
which ts the data better than does the linear model suggestedearlier by Papamoschou and Bunyajitradulya. 9 Inverting Eq. (7) and using the de nitions of Eq. (1), we relate the convective Mach numbers to the departure from symmetry as follows: (9) with M csym given by Eq. (4). Empirical evidence indicates that the plus sign (fast modes) should be used for shear layers between a supersonic stream and a subsonic stream and the minus sign (slow modes) for shear layers between two supersonic streams. Once M c1 or M c2 is determined, the convective velocity is calculated from Eq. (1). The accuracy of the model is no better than the accuracy of the underlyingmeasurements.In our experiencewith a large variety of supersonic jets, the model predictionshave agreed very well with the convective speed inferred from the slopes of Mach waves or from the directivity of the acoustic eld.
IV. Conclusions
The morphology and evolution of turbulent eddies in coaxial Mach 1.5 jets with primary velocities of 430 and 760 m/s were studied experimentally. A double-exposure,PLIF system enabled visualization of the ow and of its evolution. Two-dimensional cross correlations yielded the convective velocities of the eddies in the primary and secondary mixing layers. Schlieren photography,noise measurements,and centerlinepitotsurveyscomplementedthe study. The general observation is that, for symmetric convective Mach numbers above 0.4, the eddy convectionis faster than that predicted by prevailing models. In the 430-m/s jet, which was composed of air, eddies in the primary shear layer traveled with 80% of the local centerline mean velocity. In the 760-m/s jet, which consisted of a helium-air mixture, the convective velocity was 70% of the jet exit velocity and resulted in Mach-wave emission. Addition of a Mach 0.82 secondary ow to the helium-air jet reduced this convective velocity by 12%. The secondary ow rendered all relative turbulent motions subsonic, leading to near elimination of the Mach waves and substantialnoise reduction.The convective Mach-number measurements are in general agreement with those obtained in planar or axisymmetric shear layers, even in the region past the potential core of the jet. An approximate model for predicting convective Mach numbers is presented.
